Using linear fracture mechanics and fluid dynamics, we studied [1] the static stability of an edge crack connected with a fluid (magma or aqueous fluid) reservoir and [2] the propagation dynamics of the crack filled with magma denser than the surrounding rock. Our purpose is to elucidate [1] onset conditions for magmatic (aqueous) fluid transport by crack propagation in magmatism (metamorphism) and [2] the dynamics of dense magma dyke formation which probably occurs in the lower crust. The results are as follows.
Introduction
Fluid transport by the propagation of fluid-filled cracks plays an important role in magmatism and metamorphism. In magmatism, dyke emplacement in the lithosphere is the consequence of the propagation of magma-filled cracks (e.g., Turcotte, 1990) . The density of magma can be about 0.1 g/cm3 greater than that of the surrounding rock in the lower crust. For example, MORB (mid-oceanic ridge basalt)-like tholeiitic magma is denser than diorite and quartz diorite below 1 GPa (Herzberg et al., 1983) . Thus dyke formation of dense magma with negative buoyancy probably occurs in the lower crust. Lister (1991) , , and studied lateral dyke formation near the level of neutral buoyancy (LNB) above which magma was denser than host rock. They discussed the lateral propagation of a dyke; however, the upward propagation (i.e., temporal behavior of the dyke width and height above the LNB) has not been fully studied. The upward propagation is important for the problem whether the dense magma reaches the Earth's surface and surface eruption occurs or not. One of our purposes is to elucidate the upward propagation of a magma-filled crack above the LNB. Many models of dyke formation are already presented by Spence and Sharp (1985) , Spence and Turcotte (1985) , Emerman et al. (1986) , Spence et al. (1987) , Lister (1990a, b) , and Spence and Turcotte (1990) . They assume that the rock density is greater than (or equal to) the magma density. Consequently in their models, the driving force of the crack propagation is the positive magma buoyancy and/or the reservoir's excess pressure; the resistance is the viscous drag force by magma flow. However their models break down if the magma is denser than the surrounding rock. This is because the negative buoyancy of the magma in the dyke may become the resistance to the upward crack propagation. We will present new propagation dynamics (the driving force is the reservoir's excess pressure and the resistance is the negative buoyancy of the dense magma and/or the viscous drag force).
Fluid transport by crack propagation is also important in metamorphism. Aqueous fluid released during prograde metamorphism migrates upwards because of its positive buoyancy. The ubiquity of quartz and calcite veins in metamorphic belts suggests that the mechanism for fluid migration is the propagation of fluid-filled cracks (e.g., Fyfe et al., 1978) . In general, there can be two types of fluid transport. For convenience sake, we call them types I and II in the present paper. Type I: propagation of a fluid-filled edge crack connected with the reservoir. The crack propagates by the consecutive fluid injection from the reservoir. The example of type I is dense magma dyke formation mentioned above. The crack propagation is driven by the reservoir's excess pressure and/or the positive buoyancy of the fluid. Type II: propagation of a fluid-filled crack isolated from the reservoir. This propagation is driven not by the reservoir's excess pressure but only by the buoyancy of the fluid confined in the crack. Propagation dynamics of type I is already discussed for null (Spence and Sharp, 1985; Spence and Turcotte, 1985; Emerman et al., 1986) and positive (Spence et al., 1987; Lister, 1990 Lister, a, b, 1991 buoyancy cases. Type II fluid transport is also studied by Weertman (1971b) , Maaloe (1987) , Spence and Turcotte (1990) ; Takada (1990) , Fisher and Brantley (1992), and Nakashima (1993) . However the onset conditions for the types I and H are not made clear. Another purpose of the present paper is to show the onset conditions quantitatively.
Consider a short fluid-filled crack connected with a reservoir. If the reservoir's pressure increases, fracturing will occur at the crack tip and the fluid-filled crack will propagate. This is the onset of fluid transport by crack propagation. Thus it is essential to investigate the static stability of a short edge crack in order to elucidate the onset conditions. We discuss the static stability of the short crack filled with magma or aqueous fluid in Sec. 2. After the onset of the fluid transport, the crack may continue the propagation by the consecutive fluid injection from the reservoir. The dynamics of the crack propagation by the consecutive injection of dense magma is developed in Sec. 3. The results of Sec. 2 and Sec. 3 are applied to the dyke formation in the lower crust and to the aqueous fluid transport in prograde metamorphism in Sec. 4.J
Static Stability of a Fluid-Filled Edge Crack
In this section, static stability of a fluid-filled edge crack connected with a reservoir is examined. A stable crack refers to a crack which neither propagates nor shrinks; fracturing and/or crack closure will occur if a crack is unstable. For example, the increase of the fluid pressure or crack size may raise the stress at the crack tip and cause fracturing. We investigate how fluid pressure, crack size, and other parameters affect the static stability of a fluid-filled crack. Three physical quantities (stress intensity factor at the crack tip, crack width at the crack bottom, and vertical cross-sectional area of the crack) are necessary to discuss the static stability. Using the quantities, we will discuss the onset conditions for types I and II. Inequalities (7), (8), (9), and (12) will be applied to the onset conditions for magma or aqueous fluid transport (Figs. 3 and 5 of Sec. 4).
Consider a two-dimensional edge crack in isotropic, homogeneous, impermeable, and elastic rock overlying a fluid reservoir (Fig. 1) . The edge crack has a specific vertical length a and is normal to the free surface of the rock (this preexisting crack may be formed by faulting, jointing, or stress corrosion cracking). The crack is injected with homogeneous and incompressible fluid (magma or aqueous fluid) from the underlying fluid reservoir. Three kinds of force are applied to the stationary fluid in the crack: elastic stress, fluid buoyancy, and reservoir's excess pressure. One should note that viscous drag force by fluid motion is neglected in this section. The following is assumed in the present study: [1] since our interest is the stability of a short (e.g., a=10 m) crack, the vertical crack length a is assumed to be much smaller than the reservoir size (thus the upper (lower) half-plane in Fig. 1 origin of the x-y coordinate system is located at the crack bottom. The direction of the gravity is the negative y direction.
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And those for positive bp are given by inequalities (4) and (6): 
When Sp is positive, the stability conditions for a fluid-filled edge crack are (7) and (9):
It follows from (7)- (9) that mechanical stability of a fluid-filled edge crack is governed by five factors (a, p 0, Sp, IC, and g). It should be noted that the stability conditions depend on the sign of op. Let us discuss the onset conditions for two types of fluid transport. Since type I fluid transport needs only the instability [i] of Fig. 2 , type I occurs when only inequality (7) breaks down. On the other hand, the simultaneous occurrence of the instability [i] and [ii] is essential for type II. Thus the breakdown of inequalities (7) and (9) is necessary for an isolated crack near the reservoir to continue the propagation. As the isolated crack propagates, the distance between the reservoir and the crack increases. An isolated crack distant from a reservoir requires (10) to continue the upward propagation (Weertman, 1980; Nakashima, 1993 
where p0 and p1 are unknown constants. The injection rate dS/dt is expressed by (14) using the conservation laws of mass and momentum in the plane Poiseuille flow. (1985) and to equations (42) and (43) 
Equations (21) and (22) 
